[1] The Madden-Julian oscillation (MJO) is the dominant mode of intraseasonal variability in the tropics. Accurate simulations of the MJO are important for studies of weather and climate in the tropics and extratropics. This study assesses the forecast performance of operational medium-range ensemble forecasts, available at THe Observing system Research and Predictability EXperiment (THORPEX) Interactive Grand Global Ensemble (TIGGE) data portal, regarding the MJO for the past 3 years. The results indicate that ECMWF (European Centre for Medium-range Weather Forecasts) and UKMO (United Kingdom Meteorological Office) generally yield the best performances in predicting the MJO; however, they do not always show similar skills. ECMWF performs well in simulating the maintenance and onset of the MJO in phases 1-4, whereas UKMO and NCEP (National Centers for Environmental Prediction) perform well in simulating the maintenance and onset of the MJO in phases 5-8. Thus, the best-performing numerical weather prediction (NWP) centre varies with the phase of the MJO. With advance knowledge of the forecast characteristics of each NWP centre, we can ensure more reliable forecasts of the MJO in operational uses, based on the MJO phase. This represents an advantage of the multi-centre grand ensemble approach. Citation: Matsueda, M., and H. Endo (2011), Verification of medium-range MJO forecasts with TIGGE, Geophys. Res. Lett., 38, L11801,
Introduction
[2] The Madden-Julian Oscillation (MJO) [Madden and Julian, 1972] is the dominant mode of intraseasonal variability in the tropics. The MJO influences not only tropical weather and climate, such as the monsoon [e.g., Hendon and Liebmann, 1990; Higgins and Shi, 2001] , and tropical cyclone activity across several ocean basins [e.g., Liebmann et al., 1994; Bessafi and Wheeler, 2006] , but also extratropical circulations [e.g., Matthews et al., 2004; Cassou, 2008; Endo and Harada, 2008] . Many studies have sought to predict the MJO using operational dynamical models at various time scales [e.g., Lin et al., 2008; Vitart and Molteni, 2010] . Some predictability studies have reported an improvement in forecast skill over the extratropics during MJO events [e.g., Ferranti et al., 1990; Jones et al., 2004] . Accurate simulations of the MJO are important for studies of weather and climate in the tropics and extratropics.
[3] THe Observing system Research and Predictability EXperiment (THORPEX) [World Meteorological Organization (WMO) , 2005] is a 10-year international research and development programme organised by WMO to accelerate improvements in the accuracy of 1-day to 2-week forecasts of high-impact weather for the benefit of society, the economy, and the environment. THORPEX quasi-operationally provides 10 global ensemble forecast model steams through the TIGGE (THORPEX Interactive Grand Global Ensemble) [Bougeault et al., 2010] data portal. The use of TIGGE is an effective way to rapidly respond to high-impact weather, such as the MJO, hurricanes, and atmospheric blocking.
[4] The aim of this paper is to assess the MJO-forecast performances of state-of-the-art operational medium-range ensemble forecasts, available through the TIGGE portal, using standard verification scores for forecasts of the MJO.
Methodology

Medium-Range Ensemble Forecast Data and Reanalysis Data
[5] Table S1 in Text S1 in the auxiliary material summarizes the nine operational medium-range ensemble forecast system by numerical weather prediction (NWP) centres: BOM (Bureau of Meteorology, Australia), CMA (China Meteorological Administration), CMC (Canadian Meteorological Center), CPTEC (Centro de Previsão de Tempo e Estudos Climáticos, Brazil), ECMWF (European Centre for Medium-range Weather Forecasts, UK), JMA (Japan Meteorological Agency), KMA (Korea Meteorological Administration), NCEP (National Centers for Environmental Prediction, USA), and UKMO (United Kingdom Meteorological Office), available at the TIGGE portal (a short-range ensemble forecast by Meteo-France is also available).
1
This study analysed the ensemble forecasts initialized at 1200 UTC from 1st January 2008 to 31st December 2010. Almost all of the forecast data are available for this period. The forecast data were interpolated to a common grid spacing of 2.5°. The analysis (observation) for each NWP centre was defined as the control run at the initial time of the forecast.
[6] To calculate the daily climatologies and the empirical orthogonal functions (EOFs) for the MJO index, we used NCEP/National Center for Atmospheric Research (NCAR) reanalysis data for the period 1980-2004 [Kalnay et al., 1996] . calculate the real-time multivariate MJO index. Only ECMWF, JMA, NCEP, and UKMO provide OLR data at the TIGGE portal, except for a lead time of +0 days. Only U200 and U850 were used for fair comparisons of the skills of the ensemble forecasts. We found only trivial differences between EOFs calculated based on U200, U850, and OLR, and those based on U200 and U850 ( Figure S1 ). The MJO index for the forecast is calculated by a projection of combined forecast anomalies of 15°S-15°N meridionally averaged U200 and U850, normalised by the observed standard deviations of the NCEP/NCAR reanalysis, onto the two dominant EOFs as derived using the same meridionally averaged variables of the NCEP/NCAR reanalysis. For the forecast, a 120-day mean of the previous 120 days is subtracted before projection on the observed EOFs. The MJO phases (0-8) are defined as shown in the top-left panel in Figure 1 . Phase 0 indicates that the MJO is not active; phases 1-4 are enhanced phases of the MJO with coherent eastward propagation of a large-scale pattern of increased rainfall from the western Indian Ocean (phase 1) to the maritime continent (phase 4); and phases 5-8 are suppressed phases with decreased rainfall.
Verification Scores for MJO Forecasts
[8] Four standard verification scores for MJO forecasts are used here: Root Mean Square Error (RMSE), bivariate correlation (COR), phase error (PERR), and amplitude error (AERR). The definitions are respectively as follows:
) is the i-th ensemble member in each ensemble forecast in the MJO phase space (Figure 1 ), initialised at time t − t and valid at time t; a(t) = (a 1 (t), a 2 (t)) is the analysed MJO index at time t. A RMSE score of zero indicates a perfect MJO forecast in terms of both the amplitude and phase of the MJO. COR provides information on the phase error of the MJO. A COR score of 1 indicates a perfect forecast regarding the MJO phase. PERR indicates the predicted phase speed relative to that observed. AERR is the difference between the predicted and observed amplitudes. An AERR score of zero indicates a perfect forecast regarding the MJO amplitude. These scores were first calculated for each ensemble member at each lead time t, and then each score was averaged over all the members in each NWP centre for the verification period. These scores may penalise the models with larger ensemble spread.
Results
[9] Figure 1 shows the MJO forecasts for the nine operational NWP centres, initialised at 1200 UTC on 1st April 2009. CMC, ECMWF, JMA, NCEP, and UKMO show better performances than the other centres in predicting this MJO event. BOM, CMA, CPTEC, and KMA have large model biases in this case. BOM and KMA show a small spread due to the absence of initial perturbations in the tropics, whereas CMC shows a large spread due to the use of a multi-model ensemble with multi-physical parameterisations. Analyses of CMA tend to differ from those of the other centres, indicative of a poor data-assimilation system. Similar characteristics are seen for other MJO forecasts initialised at different dates (see the quasi-operational MJO forecast Web page using TIGGE: http://tparc.mri-jma.go.jp/TIGGE/tigge_MJO.html, which is operated independently of the dynamical model MJO forecast Web page of the U.S. Climate Prediction Center: http://www. cpc.ncep.noaa.gov/products/precip/CWlink/MJO/CLIVAR/ clivar_wh.shtml [Gottschalck et al., 2010] ).
[10] Figure 2 shows the MJO forecast skills, as measured by RMSE, COR, PERR, and AERR, as a function of forecast time. ECMWF and UKMO show superior skill in terms of RMSE and COR throughout the entire lead time (with ECMWF showing slightly better skill in terms of COR, and UKMO in terms of RMSE), followed by NCEP, JMA, and CMC, and then BOM and CPTEC, with CMA and KMA showing the worst skill by some degree, even in the early stage of the forecast, consistent with the single case presented in Figure 1 . The phase speed predicted by JMA and CPTEC is faster than that observed up to a lead time of +10 days. PERR for CMC is close to zero. Given that the COR value for CMC is not close to 1, the PERR value of zero indicates that the CMC members are generally spread about the observations regarding the MJO phase. Most of the members in the other centres tend to show a slower phase speed than that observed. In terms of AERR, most of the centres have a larger amplitude than that observed for most of the lead times, whereas JMA shows a smaller amplitude than that observed throughout the entire lead time. UKMO shows the best skill in terms of predicting the amplitude.
[11] For simplicity, we concentrate now on the five centres that show the most skill and the RMSE measure. RMSE includes information regarding errors in the MJO amplitude and the MJO phase. Figure 3 shows the RMSE for forecasts initialised at each phase, valid at phases 1-8. Given that forecasts valid at phase 0 are excluded, we obtained the forecast skill during the active MJO, except for that shown in Figure 3a . Although ECMWF and UKMO have similar skill when evaluated using all phases combined (Figure 2a) , their performances vary with the initial phase of the MJO. ECMWF has the best skill for the initial phases 1-2 and for phases 7-8 in the latter half of the forecast. In particular, ECMWF initialised at phase 1, which is generally valid in phases 1-4, shows the lowest RMSE compared with initialisation in the other phases, whereas the other centres tend to show larger RMSEs for initialisation at phase 1 than at other phases. Among the centres, ECMWF shows superior skill regarding the MJO phase ( Figures S2b and S3b) , although the MJO amplitude predicted by ECMWF is larger than that observed ( Figure S4b ). An eastward propagation of the active MJO from phases 1-2 appears to be well predicted by ECMWF, but not by the other centres. This result suggests that predicting phases 1-4 of the MJO is generally difficult for state-of-the-art NWP models, even when the MJO is already active at the initial time of the forecast. Most of the centres tend to predict a slower phase speed and smaller amplitude than that observed during phases 1-4 ( Figures S3  and S4) .
[12] UKMO shows the best skill in forecasts initialised at phases 3, 5, and 6, and NCEP shows the best skill in forecasts initialised at phase 4 after a lead time of +8 days, whereas the skill shown by ECMWF is comparable to or worse than that shown by the other centres (Figure 3 ). In particular, UKMO initialised at phases 5 and 6, which is generally valid at phases 5-8, shows the highest skill compared with initialisation during the other phases, although the predicted amplitude is smaller than that observed (Figures 3 and S2-S4) . The other centres also tend to have better skills for initial phases 5-8 than for other initial phases. This result suggests that phases 5-8 are more predictable for most of the state-of-the-art NWP models than are phases 1-4. [13] Although Vitart and Molteni [2010] reported that the latest ECMWF model initialised at phase 4 and 5 has difficulties crossing the Maritime Continent (phases 4 and 5; eastward propagation is too slow), this problem seems to be less apparent for the other centres (Figures 3e-3f and S3e-S3f). On the other hand, the JMA, NCEP, and UKMO models initialised at phases 2-4 ( Figures S4c-S4e ) have a smaller amplitude than that observed when crossing the Maritime Continent (e.g. the latter half of the forecast in Figure S4c and the first half of the forecast in Figure S4e ). This suggests that these models, particularly the JMA model, still face the Maritime Continent predictability barrier, reported by Seo et al. [2009] . The best centres in predicting the active MJO vary with the initial phase of the active MJO; consequently, it is an advantage to use a multi-centre grand ensemble system.
[14] In MJO forecasts, it is also important to accurately predict the onset of the MJO in advance, when the MJO is not active. Although Figures 3a and S2a-S4a show that ECMWF Figure 3 . As for Figure 2a , but for forecasts by CMC (yellow line), ECMWF (blue), JMA (red), NCEP (green), and UKMO (purple), initialised at each phase (0-8) and valid at phases 1-8. For example, the score at day 8 in Figure 3a corresponds to all the cases where the MJO is in phase 0 at day 0 and phases 1-8 at days 8. The number of MJO events that are used in the calculations is shown in Table S2 in Test S1 of the auxiliary material. Table S3 of the auxiliary material for the number of MJO events.
and UKMO have comparable skills in predicting the onset of the MJO, the performances differ with the phase of the developing MJO. ECMWF yields a much higher performance (with a slower phase speed and slightly larger amplitude than those observed) than the other centres in predicting the onset of the MJO with strong convections around the eastern Indian Ocean (phase 3) and the western maritime continent (phase 4), especially after a lead time of +8 days (Figures 4 and S5-S7) . The state-of-the-art NWP models, except for the ECMWF model, encounter difficulties in predicting the onset of the MJO in phases 3-4 in advance. However, ECMWF performs poorly in simulating the developing MJO from phase 0 to the other phases. UKMO and NCEP show superior skill for phases other than phase 3-4. For most of the centres, the onset of the MJO from phase 0 to phases 1-2 and 5-8 is more predictable than that to phases 3-4. For valid phases 3-5 and 7-1, the predicted phase speeds tend to be slower and faster than those observed, respectively ( Figure S6 ). The predicted amplitudes tend to be comparable to those observed for valid phases 1-3, and smaller than those observed for valid phases 4-8 ( Figure S7 ).
Conclusion
[15] In general, ECMWF and UKMO perform best in predicting the MJO, followed by NCEP, JMA, and CMC; however, ECMWF and UKMO do not always yield similar performances. The best-performing NWP centre varies with the initial phase of the MJO during the active MJO, and with the phase of the developing MJO. ECMWF and UKMO are the most skilful during phases 1-4 and phases 5-8 of the active MJO, respectively. ECMWF shows much higher skill than the other centres in predicting the onset of the MJO with strong convections around the eastern Indian Ocean (phase 3) and the western maritime continent (phase 4), whereas UKMO and NCEP show superior skills in predicting the developing MJO during other phases.
[16] With advance knowledge of the forecast characteristics of each NWP centre, we can ensure more reliable forecasts of the MJO in operational uses, based on the MJO phase. This represents an advantage of the multi-centre grand ensemble approach. Although MJO forecast skill has been markedly improved in recent years [e.g., Bechtold et al., 2008] , there remains room for improvement in MJO forecasts by most of the NWP centres. We assessed the MJOforecast performances of state-of-the-art operational medium-range ensemble forecasts in the last three years in which the operational NWP models changed several times. The MJO forecast skill can vary significantly from one version of the model to the other, reported by Bechtold et al. [2008] . It is important to investigate the calibration of MJO forecasts using a long set of reforecasts (hindcasts) with one version of the model, as in the surface temperature and precipitation cases reported by Hagedorn et al. [2008] and Hamill et al. [2008] . Our understanding of the onset and maintenance mechanisms of the MJO can be improved by investigating the factors that yield improved forecasts, focusing on forecasts by a specific centre initialised at various dates.
[17] In additions, multi-analysis and multi-model ensemble approaches are also important. Figure S8 shows an example of gradual improvements in forecast performance with changing initial dates of a forecast (see the caption of Figure S8 , although a detailed analysis of this case is outside the scope of this paper). By exchanging the initial values of the forecast among the NWP centres and by conducting model integrations using these values, we are able to not only identify the causes of the different forecasts among the NWP centres and the different forecast errors, but also improve the forecast performances, as reported by Matsueda et al. [2011] in ensemble forecasts of atmospheric blocking.
[18] Improved MJO simulations are an important factor in studies of weather and climate, in both the tropics and extratropics. Real-time comparisons of MJO forecast skills among state-of-the-art NWP models are the first step in terms of improving forecasts of the MJO. We believe that reforecast calibration and multi-analysis and multi-model ensemble approaches are the next step for predictability studies of the MJO and other extreme events (e.g., atmospheric blocking), and in achieving further improvements in forecast techniques such as numerical modelling and data assimilation.
